Introduction
The mandibular condyle along with the fossa-eminence complex and the temporomandibular joint ͑TMJ͒ disc together form the articulation of TMJ ͓1͔. The articular condylar cartilage plays a crucial role in the adaptation of the TMJ to external muscular forces ͓2͔. The cartilage facilitates articulation with the TMJ disc and distributes the compressive loads over the condyle during the normal function of a healthy joint.
Temporomandibular joint disorders ͑TMDs͒ have considerable prevalence with 16-59% of the population having symptoms and 33-86% having clinical signs ͓3͔. While TMDs involving the TMJ disc ͑specifically, internal derangement͒ have been reported to be the most common ͓4͔, the resulting biomechanical dysfunctions ͑such as clicking or locking͒ may lead to damage of the condylar cartilage ͓5͔. Abnormal loading conditions, e.g., clenching or bruxism, are probable factors that contribute to the development of many TMDs. Osteoarthritis is one such example, where the biomechanical factors likely play a role in the progressive deterioration of the articular cartilages ͓6,7͔. However, the role of mechanics is still unclear. To understand the TMJ function in normal and pathological conditions, three-dimensional finite element models of the human TMJ have emerged as valuable tools. The predictions by these mathematical models may be improved by incorporating more reliable biomechanical properties of the condylar cartilage. Therefore, the development of biomechanical standards for this tissue is important. Moreover, biomechanical properties of the native tissue are also necessary as design and validation criteria for an artificial or tissue-engineered replacement.
Although the loading condition of the condyle has been reported to be primarily compressive ͓8-10͔, direct compression and shear forces generated due to mandibular motion may produce significant tensile loads on the collagen fibers in the condylar cartilage, especially in the regions closer to the joint synovium. The effects of the surrounding force environment are reflected in the heterogeneous zonal architecture of the condylar cartilage, which contains a fibrocartilaginous fibrous zone ͑adjoining the inferior joint compartment͒ and hyaline-like cartilage in lower zones. The fibrous zone contains primarily collagen Type I with fibers aligned parallel to the surface ͓11-15͔, and is mainly responsible for the tensile stiffness of the tissue in the plane parallel to the surface.
While there are a few studies that have investigated the compressive biomechanical behavior of condylar cartilage ͓16-19͔, there is only one previous tensile study, where the failure properties of the porcine condylar cartilage in the mediolateral and anteroposterior directions were characterized ͓20͔. However, the tensile stress relaxation behavior of this viscoelastic tissue has never been investigated; thus, the tensile equilibrium moduli of the tissue are heretofore unknown. In addition, a higher stiffness in the anteroposterior direction compared to the mediolateral direction was reported in the lone tensile evaluation ͓20͔, which implied preferred anteroposterior collagen fiber alignment. However, to the best of our knowledge, there has been no conclusive evidence to reflect a commensurate anisotropy of collagen fiber orientation in the condylar cartilage. Moreover, regional variations in the tensile properties, which were found to be significant for the TMJ disc ͓21-24͔, have yet to be explored in the condylar cartilage.
The goals of this study were to quantify the tensile biomechanical properties of the porcine condylar cartilage, to verify its anisotropy, and to explore the regional heterogeneity of the condylar cartilage. We hypothesized that fiber orientation in the condylar cartilage was predominantly anteroposterior due to primarily anteroposterior mandibular motion. A porcine animal model was selected due to the similarities in anatomy ͓25,26͔ and function ͓27͔ between the pig TMJ and the human TMJ. Uniaxial tensile tests were performed in two directions ͑anteroposterior and mediolateral͒ with three regions in each direction ͑anterior, superior, and posterior regions in the anteroposterior direction, and medial, central, and lateral regions in the mediolateral direction͒. We then compared the regional and directional properties of the condylar cartilage with that of the TMJ disc. In addition, we correlated the biomechanical properties of the condylar cartilage with its structure, as observed by polarized light microscopy.
Materials and Methods
Specimen Preparation. Hog heads from 6 month old females ͑Yorkshire cross, skeletally immature͒ weighing 70-85 kg ͑150-190 lb͒ were obtained from a local abattoir. TMJs were harvested from the heads with joint capsules intact within 24 h of death. Mandibular condyles from both sides were separated by opening the lower joint compartments carefully ͑Fig. 1͒. Subsequently, articular condylar cartilage and other joint components were assessed morphologically. Condyles from the TMJs with no signs of degeneration were wrapped in gauze, soaked in phosphate buffered saline ͑PBS-0.138M sodium chloride, 0.0027M potassium chloride͒, and stored at −20°C. Left and right condyles were used to make specimens in the anteroposterior or mediolateral directions, respectively. A total of seven condyles were used for each direction tested, giving a sample size of n =7.
Three cartilage specimens were created from each condyle, either in the anteroposterior or mediolateral direction ͑Fig. 2͒. Prior to specimen preparation, frozen condyles were thawed at room temperature and condylar cartilages with the subchondral bone attached were carefully isolated from the bulk of the condylar bone using a scalpel. Subsequently, the cartilage-bone samples were divided into three equal parts either in the anteroposterior or mediolateral direction. Each part was individually sectioned in a cryotome ͑Microm HM550, Richard-Allan Scientific, Kalamazoo, MI͒ to a uniform thickness of 250 m with the articular surface intact. To accomplish this task, a stage of frozen tissue embedding medium was prepared, which was cryotomed to create a surface that was flat and parallel to the cryostat blade. Using the remaining travel feature of the cryotome, the position ͑remaining travel = x m͒ of the flat embedding medium surface along the line of travel of the stage was recorded. Subsequently, the articular surface of the cartilage was flattened against a flat freezing metal surface in the cryotome by very gently applying pressure on the sample. The sample was then firmly fixed to the embedding medium stage with its flattened surface facing the stage and covered in embedding medium. Starting from the uppermost subchondral bone, the sample was serially cryotomed until a distance of 250 m was left from the recorded initial position of the flat embedding medium stage ͑remaining travel= 250+ x m͒, producing the 250 m thick cartilage section with the articular surface intact. The integrity of the articular surfaces of the cartilage sections was confirmed by visual observation of the stage, where no tissue remnants were found. Rectangular tensile specimens were cut out from the 250 m thick cartilage sections using an assembly of two parallel razor blades separated by a 1.8 mm thick aluminum spacer. Rectangular specimens have previously been used successfully to observe tensile stress relaxation behavior of articular cartilages ͓28-31͔. To ensure that specimen thickness did not exceed cartilage thickness, a preliminary thickness measurement study, employing a needle penetration technique ͓32͔, was performed. The study indicated cartilage thickness in all regions to be more than 300 m and formed the basis of thickness selection. During the specimen preparation, complete removal of the subchondral bone region was visually verified. Specimens were immediately wrapped in gauze, soaked in 0.01M PBS, then frozen at −20°C until tested.
Tensile Tests. Tensile tests were performed using a uniaxial testing apparatus ͑Instron Model 5848, Canton, MA͒ having a displacement accuracy of 1 m and a 50N load cell with a force resolution of 0.001N and measurement accuracy of Ϯ0.5% of the measured force or better. A custom-made stainless steel bath and grip assembly, illustrated in Fig. 3 , was mounted in the apparatus. To prevent slippage, squares of 220-grit waterproof sandpaper were glued to grip faces using cyanoacrylate adhesive that provided adequate roughness without damaging the specimens ͓24͔. Specimens were kept hydrated in the bath with 0.01M PBS during the testing ͓24,30,31,33-36͔. The temperature of the bath was regulated to ͑37Ϯ 1͒°C ͓24,34,35͔. Buoyant forces acting on the top grip were accounted for as described by Detamore and Athanasiou ͓24͔. Briefly, the load of the top grip ͑F b ͒ was measured empirically as a function of grip-to-grip separation ͑d͒. Measured force ͑F m ͒ was calibrated to the actual force ͑F͒ by subtracting the effect of buoyancy, i.e., F ͑d͒ = F m ͑d͒ − ͓F b ͑d͒ − F b ͑L 0 ͔͒, where L 0 is the initial specimen length and is the reference point. For a consistent buoyant profile and to maintain ionic concentration ͓37,38͔, the bath height was held constant throughout all experiments. In addition, the bath surface was covered with parafilm to reduce evaporation due to heating. The change in bath volume was observed to be negligible at the end of each test. Before testing, each specimen was thawed and equilibrated in 0.01M PBS at 37°C for 1 h to achieve thermal, hydration, and ionic equilibrium ͓28,33,36,38͔. Thus, all the specimens underwent three freeze-thaw cycles, which has been shown not to alter the mechanical properties of cartilaginous specimens ͓39͔. Specimen dimensions, which changed due to swelling during the equilibration phase, were quickly measured at three sites using a micrometer ͑Ϯ0.001 mm͒ at 25ϫ magnification ͓24,34͔. The specimen widths and thicknesses slightly increased, resulting in average widths of 2.0Ϯ 0.1 mm and 1.9Ϯ 0.1 mm and average thicknesses of 0.47Ϯ 0.07 mm and 0.49Ϯ 0.07 mm in the anteroposterior and mediolateral directions, respectively. Subsequently, the specimen was loaded into the grips. A tare load of 0.03N ͑ϳ0.035 MPa͒ was applied to remove the laxity of the specimen ͓28-30,33,34,36͔. The bath was filled with 0.1M PBS at 37°C and the specimen was allowed to reequilibrate under this tare load for 10 min ͓28,29,33-36͔. Specimen grip-to-grip length after the tare load was taken as the initial specimen length. Although the porcine condylar cartilage is longer mediolaterally than anteroposteriorly, initial specimen lengths were taken in the same range ͑ϳ9 mm͒ by placing a slightly higher percentage of mediolateral specimens into the grips, which was done to compare the results in the two directions without introducing differences in percent strain rate. Resulting average initial specimen lengths were 9.6Ϯ 1.4 mm and 9.1Ϯ 1.2 mm in the anteroposterior and mediolateral directions, respectively.
Following the reequilibration phase, specimens were subjected to preconditioning by applying cyclic loads from 0% to 6% strain, a range corresponding to the initial exponential region ͓40͔, at a rate of 10 mm/ min ͓24,28,33͔. Preliminary studies demonstrated that a total of 10 cycles were sufficient to produce repeatable stress-strain curves in successive cycles. Finally, preconditioned specimens were subjected to stress relaxation. A 20% ramp strain at 6 mm/ min was applied to the specimen followed by a 1.5 h relaxation period. Given that the duration of the ramp strain was very short compared to the overall relaxation period, the ramp strain will be subsequently referred to as a step strain. Preliminary testing showed 20% strain to be safely below the onset of failure, which typically occurred from 24% to 44%. Specimens that still failed ͑4%͒ during the testing led to the exclusion of all specimens from the condylar cartilage from which the specimens were made. Such exclusion was essential to avoid the interference of intercondylar differences with the regional property comparisons. Thus, a total of 12% of all specimens were discarded from the data analysis. Preliminary tests also revealed a long relaxation phase for the tissue, where 100% equilibrium could not be achieved even after 8 h. However, a reasonable duration of 1.5 h was selected, which corresponded to approximately 90% relaxation of the tissue.
Stress-strain curves were generated from the continuous pull during the step strain to 20%. Young's moduli were obtained from the linear regions of the stress-strain curves. The stress was defined as the ratio of the load to the initial cross-sectional area, and the strain was defined as the ratio of the change in the tare length to the original tare length.
Viscoelastic Modeling. Two viscoelastic models were used to model the stress relaxation following the step strain: ͑a͒ the Kelvin model and ͑b͒ a second-order generalized Kelvin model. As described by Fung ͓40͔, stress relaxation that occurs on applying a step strain ͑ 0 ͒ to the Kelvin model is represented by the relaxation function
where , , and E R are the creep time constant, stress relaxation time constant, and equilibrium modulus, respectively. The instantaneous modulus E 0 is related to these parameters by the following equation:
The second-order generalized Kelvin model is an extension of the Kelvin model, where an additional Maxwell element is attached parallel to the Kelvin element ͓40͔. The relaxation function for the second-order generalized Kelvin model, obtained by extending the first-order analysis by Fung ͓40͔, is given by
͑3͒
The instantaneous modulus can be expressed as
To model the relaxation data of each specimen tested, the Kelvin model was first used. Modified relaxation curves were generated by excluding initial relaxation data collected up to 10 min ͑ratio-nale explained later͒, which were used for three-parameter curve fitting in MATLAB ͑MATLAB 7.3, The MathWorks, Natick, MA͒ using Eq. ͑1͒ to obtain E R , , and . Overall relaxation curves were then fitted to the second-order generalized Kelvin model, using the equilibrium modulus obtained from the Kelvin model. A fourparameter curve fitting of all of the relaxation data was performed according to Eq. ͑3͒, yielding the time constants 1 , 2 , 1 , and 2 . Subsequently, instantaneous moduli E 0 were calculated using Eq. ͑4͒.
Polarized Light Microscopy. Collagen fiber orientation was observed under polarized light. A fresh condylar cartilage sample was divided into three parts: medial, central, and lateral regions. Fig. 3 Photograph of the custom-built tensile bath and grip assembly. Shown here is the bath "1… to which the lower grip "2… was clamped. The upper grip "3… was attached to the movable crosshead that carried a load cell "4… of 50 N capacity. The temperature was controlled using an immersion heater "5… and a temperature probe "6…, both connected to a temperature controller.
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From each part, 30 m thick transverse frozen sections were cryotomed from the fibrous zone and were mounted on slides for microscopy. Specimens were viewed using a Nikon microscope ͑Eclipse TS100-F͒ under polarized light at 100ϫ magnification ͓24͔, and images were captured using a high resolution camera.
Statistical Analyses. Properties, i.e., moduli ͑Young's, instantaneous, and equilibrium͒ and time constants ͑ 1 , 2 , 1 , and 2 ͒, were compared among all regions using a single factor analysis of variance ͑ANOVA͒ and a Fisher's protected least significant difference post hoc test.
Results
The porcine condylar cartilage demonstrated viscoelastic behavior under tension. When the tissue was stretched, resulting stress-strain curves had the characteristic nonlinear "toe" region ͓40͔, followed by the linear region ͑Fig. 4͒. The toe region was found to be consistent, extending to about 6% strain. Following a step change in the strain, a typical stress relaxation behavior was observed in all of the specimens, where the stress relaxed in a biexponential manner. The relaxation proceeded rapidly during the first 10 min ͑short relaxation time͒, followed by gradual relaxation at a very slow rate ͑long relaxation time͒ ͑Fig. 5͒. These phases with markedly different relaxation time constants will be referred to as the rapid and slow relaxation phases, respectively. Complete equilibration could not be achieved in the relaxation duration of 1.5 h, and may take more than 8 h. To model the biexponential stress relaxation behavior, the Kelvin model was first used, which was found to be inadequate to fit the entire data set ͑Fig. 5͒. Therefore, a Kelvin fit for only the slow relaxation phase and the second-order generalized Kelvin fit for the entire relaxation data were applied ͑Fig. 5͒. For all of the specimens, R 2 values of greater than 0.99 for the Kelvin fit ͑slow phase͒ and greater than 0.97 for the second-order generalized Kelvin fit ͑en-tire range͒ were achieved.
Directional and regional tensile stiffnesses of the condylar cartilage are summarized in Table 1 , and respective time constants are summarized in Table 2 . The anteroposterior direction was stiffer than the mediolateral direction, reflected by higher Young's, instantaneous, and relaxed moduli ͑2.4, 1.9, and 1.9 times greater, respectively͒ in the anteroposterior direction ͑p Ͻ 0.005͒. In the anteroposterior direction, the central region was stiffer than the lateral region ͑1.3 times greater Young's modulus and 1.4 times greater instantaneous and relaxed moduli͒, which was in turn slightly stiffer than the medial region ͑1.1 times greater instantaneous modulus and 1.2 times greater relaxed modulus͒. In the mediolateral direction, the anterior and posterior regions had similar moduli, and were slightly stiffer than the superior region ͑1.1 times greater instantaneous and relaxed moduli͒. However, the regional differences in stiffness were not statistically significant in either direction.
Predictions from the second-order generalized Kelvin model indicated that the rapid relaxation generally proceeded orders of magnitude faster than the slow relaxation. The stress relaxation time constants for the slow phase compared to the rapid phase ͑ 1 / 2 ͒ were 46 times and 52 times higher in the anteroposterior and mediolateral directions, respectively ͑p Ͻ 10 −15 ͒. In the anteroposterior direction, relaxation rates were highest for the central region as indicated by lower 1 and 2 values, followed by the medial and lateral regions, respectively. In the mediolateral direction, relaxation rates were highest for the anterior region, followed by the superior and posterior regions, respectively. However, the differences in time constants between directions and between regions were not statistically significant.
Polarized light micrographs ͑Fig. 6͒ revealed that the fiber orientation was ring-like around the periphery and predominantly anteroposterior inside the periphery. Based on the polarized light micrographs and verified by visual inspection of the articular surface of the cartilage, a schematic of overall macroscopic fiber arrangement of the fibrous zone has been developed ͑Fig. 7͒.
Discussion
The present study examined the regional variation of tensile properties of the condylar cartilage in both the mediolateral and anteroposterior directions to characterize the tensile stress relaxation behavior of the condylar cartilage. The only available previous tensile study of the condylar cartilage by Kang et al. ͓20͔ , testing the porcine condylar cartilage to failure at 0.05 mm/ min, reported stiffness values ͑Young's moduli͒ of 9.04Ϯ 1.73 MPa and 6.55Ϯ 1.24 MPa in the anteroposterior and mediolateral directions, respectively. Our study supports their observation by confirming the anisotropic nature of the condylar cartilage under tension. However, Young's moduli in our study were found to be 24Ϯ 12 MPa and 10.1Ϯ 5.5 MPa in the anteroposterior and mediolateral directions, respectively, indicating the cartilage to be stiffer in both directions than Kang et al. reported . Moreover, a higher ratio of mean Young's moduli in the anteroposterior direction to the mediolateral direction was observed in the current 
011009-4 / Vol. 130, FEBRUARY 2008
Transactions of the ASME study, showing the anteroposterior direction to be 2.4 times stiffer than the mediolateral direction, as opposed to a lower value of 1.4 times higher stiffness reported by Kang et al. ͓20͔ . The likely reasons for the discrepancy in the results include the animal differences ͑breed, age͒, the differences in specimen preparation technique, temperature, and especially the applied strain rate. The regions of the condyle from which the specimens were prepared were not indicated in the study by Kang et al. ͓20͔ .
With these data, we were able to make regional and directional comparisons to the tensile behavior of the anatomically and functionally related TMJ disc. Comparison of the regional tensile properties of the condylar cartilage with that of the TMJ disc reported by Detamore and Athanasiou ͓24͔ indicated the instantaneous modulus of the TMJ disc to be similar in the central region, 1.1 times higher in the medial region and 1.2 times lower in the lateral region in the anteroposterior direction. The relaxed moduli of the TMJ disc were higher than that of the condylar cartilage in all regions in the anteroposterior direction ͑the relaxed moduli being 2.3, 2.1, and 1.5 times greater in the medial, central, and lateral regions, respectively͒. When compared to the stiffness of the condylar cartilage in the mediolateral direction, the TMJ disc had instantaneous and relaxed moduli that were higher ͑1.3 and 2.4 times, respectively͒ in the anterior region and considerably higher ͑3.1 and 6 times, respectively͒ in the posterior region. However, the superior region of the condylar cartilage was stiffer ͑8.9 times higher instantaneous modulus and 6.2 times higher re- laxed modulus͒ than the corresponding intermediate zone of the TMJ disc. In the tensile characterization study of the TMJ disc, the peak and relaxed moduli were reported following an incremental stress relaxation protocol at 6 mm/ min. The peak moduli of the TMJ disc were compared to Young's moduli of the condylar cartilage obtained in the present study. The two studies used the same animal species and had very similar specimen preparation technique. However, the studies had differences in the hog breed, the calculation of properties, and the tensile test modality ͑incre-mental stress relaxation versus single step strain followed by relaxation͒.
A highly anisotropic macroscopic orientation of collagen fibers was demonstrated in the condylar cartilage using polarized light microscopy. Previous investigations of the fiber arrangement in the condylar cartilage, using light and transmission electron microscopy, revealed a sheet-like arrangement of collagen fibers in the fibrous zone with fibers running predominately parallel to the surface ͓11,12,15,41,42͔. One of these studies reported that these fibers were aligned in two predominant directions, anteroposterior and mediolateral, with some fibers running oblique to these directions ͓42͔. However, the dominance of anteroposterior fiber orientation was not conclusive. In our study, macroscopic fiber arrangement in the fibrous zone of the condylar cartilage was investigated, and the results indicated the presence of a predominantly anteroposterior fiber orientation. Fiber arrangement in the cartilage was observed to be somewhat analogous to an elliptical two-dimensional globe with majority of fibers aligned in bundles along the longitudes ͑Fig. 7͒. However, randomly oriented fibers were also seen, which presumably contributed to tensile integrity of the superior region in the mediolateral direction. The peripheral and predominately anteroposterior orientation of fibers was strikingly similar to that of the TMJ disc ͓21,24,43͔. However, the differences in the regional tensile properties of the condylar cartilage were found to be statistically insignificant. Specimen preparation along the anteroposterior and mediolateral directions, which had regional differences in collagen fiber orientation, may have been one of the major determinants of regional heterogeneity along the two directions ͑Figs. 2 and 7͒. It is possible that statistical significance would be achieved, if anterior and posterior regions were taken at the periphery ͑Fig. 2͒, or if a much larger sample size were used. Based on the polarized light micrographs, it may be expected that preparation of specimens from the peripheral areas of the anterior and posterior regions may result in higher stiffness of these regions compared to the superior region in the mediolateral direction ͑Figs. 6 and 7͒. Nonetheless, the results indicated that the condylar cartilage may not exhibit tensile heterogeneity to the same degree as the TMJ disc. For validation of the results, tensile and shear testing of mature porcine and human cartilages will be of particular interest in the future.
The stress relaxation curves were observed to be biexponential in nature. The rapid and slow relaxation phases were indicative of the viscous nature of relaxation, which occurred at two distinct rates ͑Fig. 5͒. The Kelvin model was not suitable to fit the relaxation data ͑Fig. 5͒. Therefore, the second-order generalized Kelvin model was selected, which has previously been used to model similar biexponential decay curves ͓44-47͔. However, the secondorder generalized Kelvin model could not accurately predict the relaxed moduli ͑E R ͒. This was discovered in preliminary testing, where tests that were performed for relaxation times up to 6 h showed that the final empirical stress values at the end of the relaxation period were less than the corresponding stress values predicted by the second-order generalized Kelvin model. Instead, the first-order Kelvin model of the slow relaxation phase was used to provide the E R , since both models share a common E R ͑Eqs. ͑1͒ and ͑3͒ for t → ϱ͒. Experimental curves indicated that the initially higher relaxation rates subsided to low values at around 10 min, being the reason to select t = 10 min as the point of the relaxation phase transition ͑Fig. 5͒. Using the E R values obtained by the Kelvin model, the biexponential relaxation behavior was then curve fitted to the second-order generalized Kelvin model ͑Fig. 5͒. It should be noted that the second-order generalized Kelvin model could not accurately predict the small transition region at the end of the rapid relaxation phase. This is because the small transition phase had a relaxation rate intermediate to those of the two phases, while the model had the capability to account for only two relaxation rates ͑one Maxwell element accounting for each relaxation rate͒. Generalized Kelvin models of higher orders or a quasilinear model could be expected to provide a better fit to this narrow transition. However, since the transition phase lasted only for a brief duration, the second-order generalized Kelvin model served as the simplest viscoelastic model that fits the experimental stress relaxation data closely. Both Young's moduli and instantaneous moduli obtained from the second-order generalized Kelvin model were reported ͑Table 1͒. Higher values of Young's moduli ͑slope of linear region of the stress-strain curve͒ than the instantaneous moduli ͑ratio of stress at the onset of relaxation to step strain͒ were obtained, which is expected due to the presence of the toe region ͑E Y Ͼ E 0 ͒, and thus the disparity between the two moduli is indicative of the extent of the toe region.
The specimen preparation technique used in this study to produce rectangular cartilage specimens provided a way to make uniform thickness pure-cartilage specimens, keeping the articular surfaces preserved. In addition, length and widths were also kept similar, which ensured similar aspect ratios for all the specimens. Full thickness pure-cartilage specimens could not be prepared due to the location-dependent variations in the thickness of the condylar cartilage ͓48-50͔. It should also be noted that the true E R values may be slightly lower than the reported E R values because approximately 90% relaxation in peak stress could be achieved in the selected relaxation duration of 1.5 h.
In conclusion, the stress relaxation behavior of porcine condylar cartilage specimens was modeled using a combination of two viscoelastic models. The tensile properties were found to be anisotropic, having a higher stiffness in the anteroposterior direction than in the mediolateral direction. However, the regional differences in the tensile properties were found to be insignificant in this study. The anisotropy of the condylar cartilage suggests that the mechanical environment in the inferior joint space exposes the condylar cartilage to predominantly but not exclusively anteroposterior loading, which was also reflected in the results obtained by polarized light microscopy. The condylar cartilage was less stiff than the TMJ disc in all regions, except the superior region, which was significantly stiffer in the mediolateral direction than in the corresponding intermediate zone of the TMJ disc.
